Abstract Single nanopores attract a great deal of scientific interest as a basis for biosensors and as a system to study the interactions and behavior of molecules in a confined volume. Tuning the geometry and surface chemistry of nanopores helps create devices that control transport of ions and molecules in solution. Here, we present single conically shaped nanopores whose narrow opening of 8 or 12 nm is modified with single-stranded DNA molecules. We find that the DNA occludes the narrow opening of nanopores and that the blockade extent decreases with the ionic strength of the background electrolyte. The results are explained by the ionic strength dependence of the persistence length of DNA. At low KCl concentrations (10 mM) the molecules assume an extended and rigid conformation, thereby blocking the pore lumen and reducing the flow of ionic current to a greater extent than compacted DNA at high salt concentrations. Attaching flexible polymers to the pore walls hence creates a system with tunable opening diameters in order to regulate transport of both neutral and charged species.
Introduction
Nanopores are powerful research tools to investigate the structural and dynamic properties of single biomolecules. Nanopores have inner diameters of a few nanometers, and following the size-exclusion principle, only individual DNA or protein molecules can fit into or pass through a pore. Single-particle translocation is conveniently detected via ionic current measurements through single pores. Importantly, a passing molecule blocks a pore, leading to a transient change of current. Parameters of the current blockade such as duration and amplitude can give information about the length and size of the molecule. One of the most widely published and scientifically attractive subjects is the sensing of DNA with nanopores. While an ultimate goal of these studies is to develop an inexpensive method to sequence DNA (Dekker 2007; Branton et al. 2008; Garaj et al. 2010; Schneider et al. 2010; Merchant et al. 2010) , a large array of experiments have also shed light on the biophysics of DNA or RNA translocation through biological pores (Kasianowicz et al. 1996 ; reviewed in Branton et al. 2008; Wanunu et al. 2010; Healy 2007; Vercoutere and Akeson 2002; Deamer and Branton 2002; Marziali and Akeson 2001) as well as inorganic pores (reviewed in, e.g., Howorka and Siwy 2009; Healy et al. 2007; Dekker 2007 ). Examined aspects include (i) the frequency with which the strands thread into the pore (Henrickson et al. 2000; Meller and Branton 2002; Nakane et al. 2004; Maglia et al. 2008) , (ii) the orientation of strands (Butler et al. 2006; Wang et al. 2004; Mathe et al. 2005; Wanunu et al. 2008; Wiggin et al. 2008; Li et al. 2003; Chen et al. 2004; Storm et al. 2005; Fologea et al. 2007; Steinbock et al. 2010) , (iii) the speed of DNA transport (Meller et al. 2001; Wanunu et al. 2008) , (iv) the influence of transmembrane potential Mathe et al. 2005; Kathawalla et al. 1989; Heng et al. 2005; Keyser et al. 2006) , (v) pore geometry (Howorka and Bayley 2002) as well as (vi) interaction with pore walls (Wiggin et al. 2008; Wanunu et al. 2008; Sigalov et al. 2008) .
Covalently attaching DNA to the pore wall is an attractive variation in single-molecule research. In previous studies aimed at DNA sensing, one or multiple single stranded DNA (ssDNA) molecules were end-tethered to the pore wall of protein (Howorka et al. 2001a (Howorka et al. , 2001b ) and inorganic nanopores (Iqbal et al. 2007; Harrell et al. 2004) , respectively. Exposing the modified pores to a solution containing complementary or mismatched DNA molecules showed that DNA duplexes between the free and tethered strands form inside the nanopore. As the perfect and mismatched duplexes, respectively, had different lifetimes, the DNAmodified nanopores could be used as biosensor elements to distinguish nucleic acids with single-point mutations (Howorka et al. 2001a, b; Iqbal et al. 2007 ). The covalent attachment of DNA strands has also been exploited to control the electronic properties of a pore. In general, artificial pores that exhibit engineered properties such as voltage gating or ion selectivity are attractive model systems for biological voltage-gated ion channels (Hille 2001) . Harrell et al. (2004) were the first to demonstrate that DNA-modified nanopores can function as ionic switches. A single gold nanotube carrying thiol-terminated DNA strands was shown to preferentially transport cations in one direction, while hindering transport in the other. The ion current rectification was explained by assuming that DNA molecules deflect by the external electric field and cause voltage-dependent pore opening. The attached DNA strands were not localized to a single subnanoscale position but covered the entire pore. Additionally, the length of the fully extended DNA molecules was smaller than the pore diameter; hence, it was not possible to completely block the current (e.g., 59-nmdiameter gold tube was modified with 30-mer DNA).
With the aim of achieving a greater pore blockade and ion current modulations, this study attempts to tune the ionic pore properties by restricting DNA immobilization to a small nanoscale region. Single conically shaped nanopores with an opening of 8 or 12 nm were selectively modified at the narrow section with ssDNA oligonucleotides ( Fig. 1 ) with a length of 30 nucleotides. We compared the current-voltage curves of single nanopores before and after DNA modification at different KCl concentrations between 1 M and 10 mM. The experimental results indicate that the attached DNA either reduced or blocked the ionic current flow through the pore dependent on ionic strength, which also influenced the conformation of the DNA strands (Odijk 1977; Skolnick and Fixman 1977; Kaiser and Rant 2010) . The pores hence show how DNA biophysics can influence ionic pore properties.
In addition, the DNA-modified conical nanopores presented here function as rectifiers. Rectifying systems have a preferential direction of mass flow and, in some cases, can entirely stop the flow in the opposite direction, forming a diode. Rectifiers and diodes based on surface charge patterns on the pore walls have previously been created, but these previous embodiments were able to switch the transport of just ions and charged species (Bassignana and Reiss 1983; Mafe and Ramirez 1997; Daiguji et al. 2005; Vlassiouk and Siwy 2007; Nguyen et al. 2010; Cheng and Guo 2009) . As an example, an ionic bipolar diode was built based on nanopores that contained a junction between positive and negative charges on the pore walls (Vlassiouk and Siwy 2007; Cheng and Guo 2009) . A unipolar diode is formed with a junction between positive (or negative) surface charges and a neutral zone (Karnik et al. 2007; Nguyen et al. 2010; Cheng and Guo 2009) . By contrast, the DNA-modified nanopores presented here feature an opening diameter that is tuned by the operation conditions, e.g., KCl concentration and voltage. The rationally engineered pores can thus be applied to tune and switch the transport of both ionic and neutral species.
Materials and Methods

Preparation of Nanopores
Single conically shaped nanopores were prepared by the track-etching technique according to a published procedure (Fleischer et al. 1975; Spohr 1983) . Briefly, 12-lm-thick films of polyethylene terephthalate (PET) were irradiated with single heavy ions (e.g., Au, U) with a kinetic energy of *2 GeV. Irradiation was performed at the linear accelerator UNILAC at the Institute for Heavy Ions Research (GSI), Darmstadt, Germany (Spohr 1983) . After tracking, foils were etched from one side in 9 M NaOH to form conically shaped nanopores (Apel et al. 2001 ). The Fig. 1 Scheme of the surface charge pattern obtained in the process of one-sided modification of a single conically shaped nanopore with point-tethered DNA molecules. We estimate the position of the junction between the DNA-modified zone and the zone with carboxyl groups to be several tens of nanometers from the small opening of the pore (Vlassiouk and Siwy 2007) . Carboxyl groups are formed in the process of pore preparation other side of the membrane was protected against etching by an acidic stopping solution. The preparation was performed in a conductivity cell so that the pore opening could be observed electrochemically. Once an etching current of *200 pA was recorded, the membrane was washed with the stopping medium and KCl solution. The transport properties of single PET nanopores were investigated in KCl solutions buffered to pH 8 with Tris buffer.
Characterization of the Pore Opening
An approximate diameter of the small opening of the conical pore was determined using conductance measurements as described previously (Apel et al. 2001) . In brief, both sides of a single nanopore membrane were placed in contact with 1 M KCl. Ag/AgCl electrodes were immersed into each solution, and a current-voltage curve was recorded for voltages between ?100 and -100 mV. In this voltage regime the nanopores produce a linear current-voltage curve whose slope provides the ionic resistance (R p ) of the nano-
pdD , where L is the membrane thickness, q is the specific ionic resistance of the electrolyte and D is the base (big opening of the cone) diameter. The diameter D was determined from the so-called bulk-etch rate of a polymer material. For PET and etching conditions of 20°C and 9 M NaOH, the bulk-etch rate is equal to 2.13 nm/min (Apel et al. 2001) . The value of D was then determined from the formula D = 2 9 2.13t (nm), where t is time of etching in minutes. The validity of this relation was confirmed by scanning electron microscopy studies (Wharton et al. 2007 ).
Modification with DNA
Pore walls and the surface of track-etched PET films contain carboxyl groups at a density of *1 group/nm 2 (Wolf-Reber 2002). The carboxyl groups were the attachment points to covalently couple amino-modified DNA using a procedure which had been previously applied for other surface modification purposes. In the procedure, carboxyl groups are activated with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and then coupled to the amine, forming an amide (Vlassiouk and Siwy 2007) . A DNA oligonucleotide with a 5 0 -terminal amino C12 spacer and the sequence 5 0 -CGC GAG AAGTTA CAT GAC CTG TAG ACG ATC-3 0 was purchased from Integrated DNA Technologies (Coralville, IA). The received amount of 1,267 nM was dissolved in 500 ll of 0.1 M MES buffer, pH 5.5. In the amidation protocol, the DNA and EDC solution was placed in contact with the small opening of the pore, while the large opening of the pore was in contact with 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) solution, pH 5.5, for 24-h incubation. Placing the modifying agent only on one side of the membrane is known to create a very nonhomogeneous distribution of the chemicals along the pore axis (Vlassiouk and Siwy 2007) . Due to the conical pore shape, the concentrations of EDC and DNA were high at the first tens of nanometers at the narrow tip and decayed hyperbolically along the pore axis. Consequently, DNA attachment was expected to occur only at the region close to the small opening where the reagents' concentration was sufficiently high. It is expected that our nanopore system has a surface chemistry as schematically shown in Fig. 1 . Four DNAmodified nanopores with opening diameters between 4 and 12 nm were studied.
Recordings of Current-Voltage Curves
The ionic properties of the nanopores were studied in the same conductivity cell in which the etching was performed. Two Ag/AgCl electrodes were used to apply the transmembrane potential and to measure the ion current. Ag/ AgCl electrodes are very stable and largely nonpolarizable. We used a two-electrode setup in which the electrode placed at the narrow end of a conical nanopore was grounded, while the other electrode next to the big pore opening was used to apply a given potential difference with respect to the ground electrode. The voltage was swept between -3 and ?3 V for 1 M KCl, and between -4 and ?4 V for lower concentrations, with a voltage step of 100 mV. The presented current-voltage curves are averages of typically three sweeps, unless otherwise stated (Figs. 3c, d , 5). The current variations in the averaged signals typically did not exceed 8% (the current variations were the strongest for negative voltages above 2 V).
Results and Discussion
We first analyzed a pore that had not been modified with DNA. Figure 2a presents a set of current-voltage curves of a single conically shaped nanopore with small and big openings of 8 and 400 nm, respectively. A positive voltage in our electrode configuration corresponds to a positively biased electrode placed at the big opening of a conical nanopore, and vice versa for a negative voltage. Similar to previous reports, the conical nanopore rectified the ion current due to breaking of the symmetry of the electric potential inside the pore (Siwy and Fulinski 2002; Hanggi and Marchesoni 2009; Cervera et al. 2005) . In particular, the broken symmetry affected the interactions between K ? ions and the negatively charged carboxyl groups on the pore walls. The rectification was quantified by calculating the so-called rectification degree, which is a ratio of currents for voltages of the same absolute value but of opposite polarity, e.g., I(-3 V)/I(?3 V). The negatively charged nanopores have transference numbers found from the reversal potential (Hille 2001 ) of at least 0.8, which indicates that *80% of the current is carried by potassium ions (Cervera et al. 2007; Gillespie et al. 2008) . The larger currents for negative voltages correspond to cations moving from the small opening to the large opening of the pore. The experimentally found ion current rectification and selectivity properties of conically shaped nanopores were modeled using the Poisson-Nernst-Planck (PNP) equations (Cervera et al. 2005 (Cervera et al. , 2006 (Cervera et al. , 2007 White and Bund 2008) as well as Monte Carlo (He et al. 2009 ) and molecular dynamics (Cruz-Chu et al. 2009 ) approaches. Figure 2b presents average ionic concentrations along the pore axis for ?1 and -1 V, 0.1 M KCl, obtained bynumerically solving the PNP equations, as described (Vlassiouk et al. 2008a, b; Powell et al. 2009 ). At negative voltages, ionic concentrations of both ions, potassium and chloride, are significantly higher than at the corresponding positive voltage, thereby validating that the negative voltage corresponds to the high conductance state. Given that the concentration of cations is higher than that of anions for negative and positive potentials, the plot in Fig. 2b also confirms the cation selectivity of our pore. The modeling furthermore revealed that in the case of conically shaped nanopores, the quantitative estimation of cation selectivity (based on the reversal potential measurements) holds true only for low voltages. At high negative potentials, the cation selectivity becomes less pronounced (Fig. 2b) , indicated by an increase in the concentration of both potassium and chloride ions within the pore (Cervera et al. 2006; Powell et al. 2009) .
It is well known that the pores rectify only if the walls have excess surface charge and when the pore diameter is comparable to the thickness of the electrical double-layer (Siwy and Fulinski 2002; Cervera et al. 2006) . As a consequence, the rectification degree of the conically shaped nanopores in 1 M KCl was lower than that in 0.1 M and 10 mM KCl. The values at 3 V are (Fig. 2a) 2.7 (|-15.4| nA, 5.68 nA) in 1 M, 4.7 (|-8.32| nA, 1.75 nA) in 0.1 M KCl and 4.9 (|-4.08| nA, 0.828 nA) in 10 mM KCl. The small difference in rectification degrees between 0.1 M and 10 mM KCl is in agreement with predictions based on the PNP equations, which point to a nonlinear dependence of the rectification degree on KCl concentration (Cervera et al. 2006 ). The modeling also showed the optimal ratio between the pore diameter and the screening length that produces the highest rectification degree. For a 6-nmdiameter conical pore, the concentration range at which the pore was predicted to rectify most was between *0.12 and 0.40 M KCl (Cervera et al. 2006) . In this concentration range, the rectification degree was shown to change very little. For wider pores, the optimal concentration range is shifted to more diluted solutions; and in the 8-nm pore studied here, at 10 mM and 0.1 M KCl the pore rectified almost equally well.
A very different behavior was observed after modifying the tip of the same nanopore with 30-nucleotide-long ssDNA. Figure 3 compares current-voltage curves of the pore before and after DNA modification for 1 M, 0.1 M and 10 mM KCl. For all these concentrations, the DNA modification caused a significant decrease of the current, which suggests that the long DNA molecules physically occluded the pore and diminished its effective opening diameter.
The experimental results suggest that occlusion of the pore by DNA becomes more pronounced with lowering the ionic strength. At 1 M KCl, attachment of DNA caused a decrease of *2.5-fold of ion current compared to a nonmodified pore (Fig. 3a) , while at 10 mM KCl, the DNA- shaped nanopore with surface charge density of 0.5 e/nm 2 showing average ionic concentrations along the pore axis. Modeling was performed using software Comsol as described (Vlassiouk et al. 2008a, b; Powell et al. 2009 ). Opening diameters of the modeled nanopore were set at 5 and 500 nm modified nanopore exhibited at least five times lower current (Fig. 3c) . Any explanation of the observed current change has to consider two effects which were initially used to describe experiments performed with non-attached pore-translocating DNA strands . Firstly, each DNA molecule excludes a certain volume in the pore so that fewer ions are available for transport. Secondly, DNA molecules are heavily charged; thus, their presence brings more counter-ions to the pore lumen. Insertion of DNA molecules in the pore can therefore cause a decrease or an increase of the current, depending on whether the number of excluded ions is larger or smaller than the number of additionally introduced DNA counterions. Both effects have been observed in systematic experiments on threading single DNA molecules through unmodified nanopores . In dependence of the concentration of the background electrolyte, the pore-threaded DNA molecules caused a positive or negative spike of the current. In all reported cases, lowering the KCl concentration of the background electrolyte caused the DNA counter-ions to become dominant.
Our observation that a decrease in KCl concentration leads to an increase of the pore blockage suggests that a simple explanation based on volume exclusion and electrostatic effects is insufficient. It is more likely that the transmembrane current is additionally influenced by changes in the conformation of the DNA molecules. This effect has recently been observed with DNA molecules attached to gold surfaces (Kaiser and Rant 2010) . In the experiments, ssDNA molecules in high KCl concentrations assumed a random coil and compact configuration. Decreasing the background electrolyte concentration caused the DNA molecules to be more extended, and in concentrations *1 mM the molecules became entirely stretched. The length of the DNA strand was determined by applying a negative potential to the gold surface and determining the quenching of a fluorophore which was attached to the other DNA end.
These results were explained by considering the dependence of the mechanical rigidity of ssDNA on the ionic strength of the environment. Theories of Odijk (1977) as well as Skolnick and Fixman (1977) distinguish bare (l 0 ) and electrostatic (l e ) contributions to the total persistence length of a charged molecule l p : l p ¼ l 0 þ l e . The bare persistence length of ssDNA is known to be only 2-3 nm (Tinland et al. 1997) , while the value of l e is ionic strengthdependent and can be calculated as l e ¼ The length l e becomes important only at lower concentrations; e.g., at 10 mM KCl it equals *10 nm. Applied to our DNA-modified pore, this high length obviously increases the volume of the DNA strands and could thereby help explain the high level of occlusion ) . In 1 and 0.1 M KCl, no differences between currents recorded for forward and reverse voltage sweeps were observed observed for the nanopore which measures 8 nm in diameter (Fig. 2c) .
It is also important to mention that for the lowest studied KCl concentration of 10 mM, the current-voltage curves exhibited a strong hysteresis, especially for negative voltages (Fig. 3d) . When the voltage sweep started at negative voltages, the currents were typically significantly lower than in the case when the sweep started from positive voltages. We think that the hysteresis is caused by the voltage-induced movement of the attached DNA strands as well as voltage-dependent ionic concentrations, as discussed above. Figure 4 summarizes a model which accounts for the observed hysteresis and high currents for a sweep from positive to negative transmembrane potentials. When a positively biased electrode is placed at the wide opening of the pore, the DNA molecules are expected to be deflected away from the narrow opening and toward the wide opening, which does not present any significant steric hindrance for the strands (Fig. 4, region A) . Due to the conical shape of the pore, this voltage polarity constitutes the lower conductance state of the device. Reducing the positive voltage and switching it to the negative values forces the DNA strands to deflect toward the small opening of the pore (Fig. 4, region B) . It is recalled that at negative voltages concentrations of potassium and chloride ions in the region close to the small pore opening increase at least several times compared to the bulk concentration (Fig. 2b ).
This region with elevated ionic concentration is rather wide and reaches several hundreds of nanometers away from the narrow opening. Consequently, the DNA strands in the modified pore are in contact with high concentrations of potassium and chloride ions, which in turn likely causes DNA to assume a more compact form (Fig. 4, region B )-in line with results from Kaiser and Rant (2010) . At moderate negative voltages the currents through the pore are large, leading to high rectification degrees. At negative voltages above a threshold value of *-2 V (Figs. 3d, 4) , DNA molecules might become extended due to the electric field (Heng et al. 2005; Randall et al. 2006) so that the nanopore is again more blocked (Fig. 4, region C) .
By contrast, when the voltage is swept from negative to positive values, DNA molecules have to deflect from the small opening toward the large opening of the pore. We think that this process occurs with significantly more severe steric hindrance because lowering the negative applied voltage decreases the ionic concentrations in the pore, causing the DNA to maintain a more elongated form induced by the high voltage, thereby leading to a greater pore blockade.
In order to support our general hypothesis on the conformation dependent occlusion of nanopores by DNA molecules, we studied a wider nanopore with a narrow diameter of 12 nm. We expected that in this case the DNA would lead to a less extensive pore blockade based on Figure 5 shows the current-voltage curves of the 12-nm pore in 0.1 M KCl, pH 8, before and after DNA attachment. In contrast to the data obtained with the 8-nm pore (Fig. 3) , the wider structure is characterized by not only a less extensive blockade but also higher negative currents after the DNA modification. The larger current after DNA modification suggests, according to Smeets et al. (2006) , that the number of DNA counter-ions exceeds the number of ions that are excluded from the nanopore. Most likely, DNA attachment increases the local surface charge density and consequently enhances ionic concentrations at the narrow opening.
The wider nanopore also exhibited an ion current rectification degree in 0.1 M KCl, 4 V equal to almost 17, which is three times higher than the rectification degree of the 8-nm DNA-modified pore (Fig. 3b, red curve) . This observation was at first puzzling to us as one would expect a higher rectification degree for a narrower pore. One possible explanation is that the DNA conformational change makes the pore structure less asymmetric and less rectifying. A wider pore would be less affected by this phenomenon. Another explanation takes into account the dependence of the rectification degree of a conical nanopore on ionic strength, which we already discussed above. There is an optimal ratio of pore diameter and screening length for a maximal rectification degree (Cervera et al. 2006) . For concentrations that are lower than the optimum for a given pore diameter, the pores rectify less. With DNA, the nanopore is effectively smaller so that the pore might be outside its optimal rectifying regime.
As expected, for the wider conical nanopore in 10 mM KCl, the hysteresis of ion currents recorded for forward and reverse voltage sweeps was much less pronounced compared to the 8-nm nanopore (see Figs. 3d, 5b ).
Conclusions
We have prepared an ionic rectifying system based on single conically shaped nanopores whose small opening was modified with ssDNA. In contrast to previously designed bipolar and unipolar diodes (Vlassiouk and Siwy 2007; Karnik et al. 2007 ) containing stationary surface charges, the attached DNA molecules are flexible and assume different configurations depending on the operation conditions such as KCl concentration and voltage. Our experimental results provide evidence that the level of nanopore blockage and, most likely, the persistence length of tethered DNA increase with lower KCl concentration. Due to the salt-dependent DNA volume, the nanopore changes its effective diameter and thus can be applicable in building systems to control transport of both charged and neutral species. In future research, we will systematically study the transport properties of DNA-modified pores as a function of DNA length. We expect to be able to tune the rectification properties of the pores as well as the effective pore diameter as a function of external voltage. We will also try to identify a particular ratio of DNA length and pore diameter under which DNA-modified nanopores exhibit spontaneous openings and closings of the pore similar to biological voltage-gated channels. 
